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Kinetic modelsAbstract The recovery of Au(III) ions from aqueous solutions employing raw date pits (RDPs)
has been systematically investigated in this paper. The morphology, the speciﬁc surface area, and
the functional groups of RDPs were analyzed using scanning electron microscopy, the methylene
blue adsorption method, and FT-IR spectra, respectively. The adsorption of Au(III) onto date pits
was achieved quantitatively (90%± 3.4%) after 90 min of shaking in an aqueous medium contain-
ing 0.5 mol L1 HCl. The process of gold(III) ion recovery using RDPs was described by the
adsorption coupled reduction mechanism which includes adsorption of Au(III) ions onto RDP sur-
face, followed by the reduction of Au3+ to Au. The kinetic data were studied using pseudo-ﬁrst
order, pseudo-second order and intraparticle diffusion models, and was found to follow closely
the pseudo-second order model. The batch equilibrium data ﬁtted well to the Freundlich and Lang-
muir isotherm models, and maximum adsorption capacity of RDPs for Au(III) was
78 ± 1.1 mg g1 at 298 K which was relatively large compared to some adsorbents recently
reported. Thermodynamic parameters, namely DG, DH, and DS, showed that the adsorption of
Au(III) onto RDPs is exothermic, spontaneous, and chemisorption at low temperature.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Gold is one of the most important noble metals due to its wide
applications in industrial and economic activities. The most
common uses of gold are in the industry of jewelry, and elec-
tronics (De La Calle et al., 2011). On the other hand, some
of the gold(I) compounds have biological activity, which are
employed in medicine as anti-inﬂammatory drugs in the
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Nowadays, the consumption of gold has increased and there-
fore, the cost of gold production and its price in the market
have risen rapidly. However, some wastes such as the waste
of electronic equipment (e-waste) contain large amounts of
precious metals compared to their own respective ores, and
therefore, such wastes may be considered as secondary source
of valuable metals. Hence, the development of low cost, and
selective technologies for gold ion uptake from industrial efﬂu-
ents is extremely important from economical and environmen-
tal points of view, because the recovered ions can be converted
into elemental gold. Many methods, such as, co-precipitation
(Zhao, 2006), ion exchange (Gomes et al., 2001; Al-Merey
et al., 2003; Alguacil et al., 2005), solvent extraction (Kordo-
sky et al., 1992; Akita et al., 1996), and adsorption onto solid
– phase materials (Lam et al., 2007; Chang and Chen, 2006)
have been used for separation, preconcentration and removal
of gold ions from aqueous solutions.
Among these technologies, the adsorption on a solid sup-
port has been considered to be a promising technology for
the removal and/or recovery of metal ions with the advantages
of high efﬁciency and simple operation (Abidin et al., 2011).
The use of activated carbons as adsorbents to remove organic
and inorganic materials from aqueous media is widely ex-
tended because of their high surface area, microporous charac-
teristic and the chemical nature of their surfaces. However,
they are expensive and their regeneration cost is also high.
Therefore, several research studies have been focused on the
utilization of low cost and naturally available adsorbents e.g.
peat mix, garden waste compost, straw, cow manure, coconut
chips, chestnut shells, watermelon rinds, charcoal, etc., due to
their biodegradability and environmental-friendly properties
(El Bakouri et al., 2009).
In recent years, many papers have been published on gold
adsorption using various biosorbents (Pangeni et al., 2012;
Abidin et al., 2011; Yu et al., 2002; Gamez et al., 2003). How-
ever, the literature is still insufﬁcient to cover this research
area, and more work and studies are needed in this ﬁeld to de-
velop other locally available and economical adsorbents.
The date palm may be the world’s oldest food-producing
plant known to humans. Palm trees are abundant in several
countries in the world such as Saudi Arabia, Iraq, Iran, Egypt,
Algeria and other Mediterranean countries. Date pits repre-
sent about 10% of the date weight (Briones et al., 2011); and
therefore any attempt to reutilize this waste will be useful.
Raw date pits (RDP) belong to lignocellulosic materials which
are mainly composed of cellulose, hemicellulose and lignin, be-
sides other minor components (Briones et al., 2011). Cellulose
is a linear polymer with 4-O-b-D-glucopyranose units and
insoluble in water, hemicellulose is a low molecular weight
chemically ill-deﬁned polysaccharide, so it can be dissolved
in water at high temperatures (Briones et al., 2011), while lig-
nin is the most complex natural polymer. It is an amorphous
three-dimensional polymer with phenylpropane units that act
as a cementing matrix between and within both cellulose and
hemicellulose units (Briones et al., 2011). Both cellulose and
hemicellulose contain oxygen functional groups e.g. hydroxyl,
ether, and carbonyl, and therefore, the presence of such func-
tional groups on the surface of date pits substantially inﬂu-
ences on the adsorption mechanism of organic and inorganic
compounds on the RDP.Recent years have seen an upsurge of interest in using the
powder of date pits, either in raw form or after chemical and
thermal treatment, for the removal of some organic and inor-
ganic pollutants from aqueous media (El Bakouri et al., 2009;
Saad et al., 2008; Al-Ghoutia et al., 2010; Banat et al., 2002,
2004). It is worth mentioning that, some natural materials con-
taining oxygen and/or nitrogen functional groups like chitosan
and polyurethane foam (PUF) have been effectively used for
removal and/or preconcentration of gold(III) species from
aqueous solutions (Qu et al., 2009; El-Shahawi et al., 2011a,
b). Therefore, RDP, containing the same functional groups,
may be a low cost and effective adsorbent for recovery of
gold(III) ions from aqueous media. According to my knowl-
edge, there is no previous detailed study about employing
RDPs for the removal of Au(III) ions from aqueous media,
thus and in continuation to our work on using naturally avail-
able adsorbents (El-Shahawi et al., 2011a, b), the present paper
would report the salient features of the ﬁndings regarding the
available functional groups, e.g., hydroxyl and carboxyl
groups on RDP and the retention proﬁle of Au(III) onto the
RDP as an effective and low-cost solid extractor for the recov-
ery of gold(III) species from aqueous solutions. On the other
hand, the most probable adsorption mechanism will also be
fully investigated with the aid of different techniques e.g. fou-
rier transform infrared spectroscopy (FT-IR), X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM).
2. Experimental
2.1. Reagents and materials
Deionized water was used throughout. A gold standard solu-
tion (1000 mg L1 Au(III) as HAuCl4) in 10% v/v HCl was
obtained from (Prolabo, Leicestershire, England). More di-
luted standard solutions were then prepared by dilution.
Hydrochloric acid (Aldrich, d= 1.19 g mL1 and 37%) was
used to adjust the acidity of aqueous gold solution. A series
of Britton–Robinson buffer solutions of pH 1.8–12.2 were pre-
pared by mixing equimolar concentrations (0.4 mol L1) of the
acid mixture: boric, acetic and phosphoric acids in deionized
water and adjusting the pH of the solution to the required va-
lue with NaOH (Vogel, 1980).
2.2. Apparatus
A Perkin–Elmer (AAnalyst 700, USA) atomic absorption spec-
trometer equipped with deuterium background corrector and
hollow-cathode lamp operated at 242.8 nm with a 0.7 nm slit
width was used for gold determination in aqueous solutions.
All measurements were carried out in an air–acetylene ﬂame.
Other instrumental parameters were adjusted according to
the manufacturer’s recommendations. IR (400–4000 cm1)
spectra were recorded on Shimadzu FT-IR 8400 spectropho-
tometer using KBr disk. Carbon, hydrogen, nitrogen and sul-
fur content in the RDP were determined by a Perkin–Elmer
2400 C series elemental analyzer, USA. A mechanical shaker
(Corporation Precision Scientiﬁc, Chicago, USA) with a shak-
ing rate in the range 10–250 rpm was used in batch mode. A
Thermo Fisher Scientiﬁc Orion model 720 pH Meter (Milford,
MA, USA) was used for pH measurements.
Table 1 Some of RDP characteristics.
characteristic Value
Ash content (%) 1.66
Moisture content (%) 8.8
Protein (%) 6.78
Carbohydrate (%) 74.65
Surface area (m2g1) 285
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The RDPs selected for the present work were collected from
the date palm grown in El-Qassim region (Khalas), Saudi Ara-
bia. The collected date pits were kept at ambient temperature
in the laboratory for a week and then dried at 70 C for one
day in the drying oven before crushing them in an electric
mixer to give a dark brown powder. The crushed RDPs were
sieved with vibratory sieves (Fritsch, Germany) and particle
sizes of less than 250 lm were used. The elemental analysis
of RDP powder gave: 74.78% C, 7.68% H, 2.63% N, and
1.98% S. The ash content of RDPs was determined by stan-
dard methods (ASTM standard, 2000). 1.5 g of dried date pits
was incinerated in a mufﬂe furnace at 650 C for 2 h. The sam-
ple was removed from the furnace and left to cool. Then 2 mL
of H2O2 was added and the sample was put back in the mufﬂe
furnace for further incineration for 1 h. The total ash was ex-
pressed as percentage of dry weight. The moisture content of
date pits was determined using oven drying method. The sam-
ples were dried at 110 C, and then they were cooled to ambi-
ent temperature and weighed. Total protein was determined by
the Kjeldahl method. Protein was calculated using the general
factor (6.25) (El Shurafa et al., 1982). The percentage of lipid
content in RDPs was determined by weighting the oil extracted
from an accurate weight of powdered pits. The oil was ex-
tracted employing the method reported in (Nehdia et al.,
2010). Carbohydrate content was calculated by the difference
of mean values: (100 – sum of percentages of moisture, ash,
protein and lipids) (Al-Hooti et al., 1998; Barminas et al.,
1999).
2.4. Characterization of the raw date pits
The surface area of RDP was obtained using the methylene
blue adsorption method. This technique is widely used for var-
ious kinds of solids such as oxides, graphite, yeast, activated
carbon, calcium carbonate, etc. A detailed description of this
method is found in (El Bakouri et al., 2008). The morphology
of RDP powder was examined using scanning electron micros-
copy (SEM), while, FT-IR spectra of RDP were recorded and
critically studied before and after Au(III) adsorption. RDP
samples were ﬁltrated after equilibration and dried at 65 C
to remove the water and FT-IR spectra of the gold loaded –
adsorbent were then recorded.
2.5. Recommended batch procedure
An accurate weight (0.1 ± 0.001 g) of the RDP solid adsor-
bent was equilibrated with 100 mL of an aqueous solution con-
taining Au(III) ions (10 lg mL1) in the presence of HCl
(0.5 mol L1). After shaking on a mechanical shaker for reach-
ing equilibrium, the aqueous phase was separated out by ﬁltra-
tion and the amount of gold(III) remained in this phase was
determined by FAAS. The amount of Au(III) retained at equi-
librium (qe mg g
1), the extraction percentage (%E), and the
distribution ratio (D) of gold(III) uptake on the tested solid
adsorbent were calculated employing the equations:
qe ¼ VðCb  CaÞ=w ð1Þ
%E ¼ Cb  Ca=Cb  100 ð2ÞD ¼ %
100%E
V
W
ð3Þ
where Cb and Ca are gold concentration in aqueous solution
before and after extraction under the instrument’s optimum
settings with the aid of FAAS calibration curve of gold (III)
ions, w and V are the mass in grams and volume (mL) of the
tested solid adsorbent and test solution, respectively. Follow-
ing this procedure, the inﬂuence of shaking time, solution
pH and temperature on the retention of gold (III) by RDP
adsorbents was fully studied.
3. Results and discussion
The characteristics of RDPs including the percentage of three
of macromolecules (proteins, lipids, and carbohydrate) were
determined and summarized in Table. 1. The morphology of
RDP powder examined using scanning electron microscopy
(SEM) revealed that, the tested solid adsorbent is highly por-
ous even without any chemical or thermal treatment
(Fig. 1a). On the other hand, the speciﬁc surface area of RDPs
determined by the methylene blue adsorption method was
285 m2g1. Such characteristics may make RDP an excellent
stationary phase in separation and puriﬁcation processes.
Therefore, preliminary investigation has shown that, on
shaking the RDP powder with aqueous solutions containing
gold(III) ions in the form of AuCl4 , a considerable amount
of gold(III) species has been retained. On the other hand, the
surface structure of RDP after the adsorption of gold particles
has been changed dramatically as shown in Fig. 1b. It was ob-
served that the smooth surface of adsorbent before the adsorp-
tion became rougher after the adsorption of gold ions on the
surface. Thus, a detailed investigation has been continued to
assign the kinetics, thermodynamics and the most probable
retention mechanism of gold(III) from the aqueous solutions
by the used solid sorbents.
3.1. Retention proﬁle of Au (III) from the aqueous solution onto
RDP
In fact, the solution pH not only affects metal species in solu-
tion, but also inﬂuences the surface properties of the adsor-
bents in terms of dissociation of functional groups and
surface charges. Therefore, the adsorption proﬁle of the aque-
ous solutions containing gold(III) at different pH (1.8–10) by
RDP solid adsorbent was critically studied after shaking for
1 h at room temperature. The results obtained revealed that,
the solution pH has a signiﬁcant effect on the adsorption
capacity. The adsorption percentage (%E) of gold(III) onto
the tested solid adsorbent decreased markedly on increasing
the solution pH. Thus, the inﬂuence of the mineral acid
Figure 1 SEM images of RDPs taken (a) before and (b) after adsorption of Au(III).
Figure 2 The inﬂuence of HCl concentration on the Au(III)
adsorption from aqueous solutions using RDPs (0.1 ± 0.001 g) at
25 ± 0.1 C, where %E is the adsorption percentage.
Figure 3 The effect of time on removal percentage of Au(III) by
RDPs. Conditions: test solution (100 mL), HCl (0.5 mol L1),
RDP doze (0.1 ± 0.001 g), shaking speed (150 rpm), and temper-
ature (25 ± 0.1 C).
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1 concentration) on
gold(III) ion retention by RDPs has been also investigated.
Of these acids, HCl has been proved satisfactory as suitable
extraction medium. In fact, HCl stabilizes the formation of
the anionic complex AuCl4 and therefore enhances the forma-
tion of the electrostatic attraction between AuCl4 and the pos-
itively charged sits of RDP formed in acidic media (De La
Calle et al., 2011; El-Shahawi et al., 2011a, b). Thus, the effect
of the HCl concentration was studied in the range of
0.1–1.0 mol L1. As shown in Fig. 2, the gold (III) retention
onto RDP increased on increasing the HCl concentration up
to 0.5 mol L1 and therefore, the concentration of 0.5 mol
L1 was employed in further work. It should be noted
that the excess of HCl has reverse inﬂuence on the extraction
efﬁciency. In acidic media (below pH= 5), AuCl4 ,
AuðOHÞCl3 ;AuðOHÞ2Cl2 ,Au(OH)3, AuCl3, AuOHCl2 and
Au(OH)2Cl may be present in the solution, whereas, at the
around of pH= 1 and 0.1 M HCl concentration, the predom-
inant complex ion of Au(III) species is AuCl4 (Ogata and
Nakano, 2005), on the other hand, in strong acidic media,
the following equilibrium may take place
HAuCl4Hþ þAuCl4 ð4Þ
and therefore, the excess of H+ ions will make the equilibrium
shift to left and the amount of AuCl4 will lower (Syed, 2012).The contact time (1–180 min) between the adsorbate and
adsorbent was critically studied because such time is an impor-
tant factor in adsorption since it depends on the nature of the
used system. As shown in Fig. 3, the removal percentages in-
creased with the increase of contact time and reached equilib-
rium in about 120 min. Such behavior was observed in the case
of adsorption of some phenolic compounds by date stone
(Ahmed and Theydan, 2012). Fig. 3 also shows that a rapid in-
crease in the removal percentage is observed during the ﬁrst
40 min, this behavior is most likely attributed to the higher
driving force making fast transfer of gold(III) ions to the sur-
face of date stone particles and the availability of the uncov-
ered surface area and the remaining active sites on the
adsorbent in the ﬁrst stage. Passing time, the adsorption rate
becomes constant, presumably due to the saturation of RDP
surfaces with Au(III) ions as well as adsorption and desorption
processes that occur after saturation.
3.2. The proposed mechanism of recovery of Au(III) by RDP
For understanding the mechanism of Au(III) retention onto
the RDP surface, FT-IR spectra of RDP were critically inves-
tigated before and after Au(III) ion adsorption (Fig. 4). Sev-
eral characteristic bands were observed in the FT-IR spectra
Figure 4 FT-IR spectra of RDPs (A) before and (B) after adsorption of Au(III).
(a)
Glucose unit in cellulose and hemicellulose
(b)
Phenylpropanoid unit in Lignin
where R=  _CH=CH_CH2OH
Figure 5 The most likely mechanism of the oxidation of glucose
in cellulose and hemicelluloses (a) and phenylpropanoid unit
found in lignin (b).
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metric stretching vibration frequency at 3360 cm1 in the pure
RDPs (spectrum A) is shifted to lower frequency broad band
at 3340 cm1 for the gold loaded – RDP (spectrum B). The
presence of the hydroxyl vibrational signatures in the spectrum
of the RDP – AuCl4 sample clearly indicates the presence of
RDP and suggests a mechanism for the stabilization of the
gold nanoparticles by a surface-bound layer of RDPs. The
shift and broadening of hydroxyl group band in RDP –
AuCl4 sample may be due to the formation of new hydrogen
bonds between the RDP component (glucose unit in cellulose
and hemicelluloses and phenylpropanoid unit in lignin) as well
as the protonation of –OH group and the interaction between
this group and AuCl4 complex (Al-Ghoutia et al., 2010; Jiang
et al., 2007).
In addition to the hydroxyl vibration bands, the frequencies
at 2860 and 2840 cm1 in spectrum A are also seen in Fig. 4.
These bands correspond to C–H stretching vibrations of aryl
and methylene groups and after binding to the gold compo-
nent, these bands are shifted to 2840 and 2810 cm1,
respectively.
The carbonyl groups (C‚O) and hydrogen bonded car-
bonyl group in cellulose and hemicellulose showed signiﬁcant
bands at 1744 and 1634 cm1, respectively, for the pure RDPs.
These bands were shifted to well resolved lower frequencies at
1736 and 1608 cm1, respectively, in spectrum B, conforming
involvement of C‚O group in adsorption process.
The bands at 1443, 1370 and 1280 cm1 in spectrum A (for
pure RDP) attributed to methylene m(C__H) deformation in
cellulose and hemicellulose, m(C__H) deformation in lignin,
and m(C__H) vibration in cellulose, respectively indicate
close-packing of the RDP molecules. For the RDP loaded with
AuCl4
, the three bands are shifted to lower frequencies at
1418, 1350 and 1260 cm1, respectively, (spectrum B). This
may be either due to loss in crystallinity of hydrocarbon re-
gions or the curvature of the nanoparticles (Jiang et al., 2007).
The m(C__O) stretching vibration of alcoholic hydroxyl
group at 1063 in (spectrum A) has been shifted to 1034 cm1after the adsorption of Au(III) ions as in (spectrum B) provid-
ing another indicator for the involvement of –OH group in
adsorption process.
Finally, the band at 870 cm1 which are assigned to the
m(C__H) deformation in cellulose is shifted to a lower fre-
quency at 860 cm1. The FTIR data thus clearly indicates that
such components in the RDP are bound to the gold
nanoparticles and furthermore, that they stabilize the particles
by a gold nanoparticle-cored RDP structure.
Due to the high reduction potential of gold(III),
[Au(III) = 1.00 V], the adsorbed Au(III) species can be re-
duced to metallic gold by the reducing functional groups
present in RDP, e.g., alcoholic and phenolic hydroxyl groups
(Gurung et al., 2011). Therefore, the process of gold(III) ion
adsorption onto RDP surface can be described by the
adsorption coupled reduction mechanism which includes
two steps:
Figure 6 XRD pattern of gold adsorbed onto RDPs.
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Figure 7 Lagergren plot of gold(III) uptake onto the date pits
for the initial concentrations of A: 20; B: 40; and C: 60 lg mL1.
Conditions: test solution (100 mL), HCl (0.5 mol L1), RDP doze
(0.1 ± 0.001 g), shaking speed (150 rpm), and temperature
(25 ± 0.1 C).
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anionic complex AuCl4 and the positively charged date
pits surface due to the protonation of hydroxyl and car-
bonyl groups.
(ii) Oxidation of alcoholic hydroxyl group in cellulose and
hemicelluloses, and/or phenolic hydroxyl group in lignin
to the carbonyl group generating elemental gold as
shown in Fig. 5. Such mechanism is somewhat similar
to the proposed mechanisms for the gold(III) ion
adsorption on durio zibethinus husk largely consisting
of holocellulose (73.5%), cellulose (60.5%) and hemicel-
luloses (13.1%) (Abidin et al., 2011), and recovery of
Au(III) ions using an adsorbent rich in polyphenols
and prepared from persimmon tannin extract (Gurung
et al., 2011). Furthermore, the increase of the intensity
of absorption band of C‚O group at 1736 and the
decrease of the OH group band at 3340 cm1 afterTable 2 Calculated kinetic parameters for pseudo-ﬁrst order, secon
RDP as an adsorbent.
No Au (mgL1) qe (mg g
1)
(experimental)
First-order kinetic
K1(min
1)
1 20 13.92 0.030
2 40 32 0.028
3 60 52 0.023Au(III) ion adsorption may explain oxidation of hydro-
xyl group to carbonyl one. On the other hand, the for-
mation of the metallic gold on the RDPs after the
adsorption was conﬁrmed by XRD pattern. XRD dif-
fractogram (Fig. 6) showed four peaks at 2h= 38.1,
44.3, 64.4 and 77.4,which certainly belong to elemen-
tal gold verifying the reduction of Au(III) to Au(0).
3.3. Kinetics of Au(III) adsorption
In order to understand the kinetics of Au (III) retention using
RDPs, different kinetic models e.g. pseudo-ﬁrst order and sec-
ond-order models were used to ﬁt the experimental data.
Firstly, the adsorption of Au (III) onto the RDP was subjected
to the Lagergren model (pseudo-ﬁrst order):
Logðqe  qtÞ ¼ logqe 
KLarger
2:303
t ð5Þ
where, qe is the amount of Au(III) adsorbed at equilibrium per
unit mass of adsorbent (mg g1); KLager is the ﬁrst order over-
all rate constant for the retention process per min and t is the
time in min. The plot of log (qe–qt) versus t gave a straight line
as shown in (Fig. 7). The values of KLager and qe calculated
from the slope and intercept respectively, in addition to the va-
lue of correlation coefﬁcient (R2) for the initial gold (III) con-
centrations of 20, 40, and 60 lg mL1 are listed in (Table 2).
The value of R2 is found to be in the range of 0.974–0.981
which seems to be good and shows the applicability of pseu-
do-ﬁrst order kinetic model for the removal of gold (III) using
RDPs. On the other hand, the true values of qe obtained from
experiments for all initial concentrations of gold (III) ions are
not in agreement with those theoretically calculated using the
pseudo-ﬁrst order model. Therefore, the adsorption of Au
(III) onto RDPs is not ﬁtted well with the pseudo-ﬁrst order
model. As a result of the non-applicability of pseudo-ﬁrst or-
der model, The retention step of Au (III) on RDPs was sub-
jected to the pseudo-second order kinetic model expressed by
the equation:
t
qt
¼ 1
h
þ 1
qe
t ð6Þ
where, h= k2q
2
e that can be regarded as the initial adsorption
rate. Under such circumstances, the plot of t/qt versus t gave a
linear relationship (Fig. 8). As shown in Table 1, The qe values
calculated by this model are in good agreement with the exper-
imentally obtained values, whereas, the values of correlation
coefﬁcient are more than 0.998 suggesting that the pseudo-sec-
ond order kinetic model is more suitable to describe the
adsorption of Au(III) on RDPs compared to pseudo-ﬁrst or-
der model. Therefore, the rate limiting step may be chemicald order and kinetic models for the adsorption of Au(III) using
model Second-order kinetic model
qe R
2 K2 · 103 qe R2
9.03 0.978 7.62 13.7 0.991
17.9 0.981 1.88 33 0.998
23.33 0.974 0.88 50 0.995
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Figure 8 Second-order plot for the retention of Au(III) using
date pits for the initial adsorbent concentrations of A: 20; B: 40;
and C: 60 lg mL1. Conditions: test solution (100 mL), HCl
(0.5 mol L1), RDP doze (0.1 ± 0.001 g), shaking speed
(150 rpm), and temperature (25 ± 0.1 C).
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Figure 9 Weber–Morris plot of adsorbed amount of gold(III)
versus square root of time onto date pits. Conditions: test solution
(100 mL), HCl (0.5 mol L1), RDP doze (0.1 ± 0.001 g), shaking
speed (150 rpm), and temperature (25 ± 0.1 C).
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Figure 10 Adsorption isotherm of Au(III) on RDP power.
Conditions: test solution (100 mL), HCl (0.5 mol L1), RDP doze
(0.1 ± 0.001 g), shaking time (120 min), shaking speed (150 rpm),
and temperature (25 ± 0.1 C).
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change of electrons between RDPs and Au(III) (Ho and
McKay, 1999).
Similar results have been observed in the case of the adsorp-
tion of Au(III) onto durio zibethinus husk (Abidin et al.,
2011), and extraction of some pesticides by acid – treated date
pits (El Bakouri et al., 2009). In general, the diffusion of adsor-
bate onto and within the adsorbent particles proceed through
four stages: (1) transport of adsorbate from the bulk liquid to
the boundary layer of thin ﬁlm of liquid surrounding the
adsorbent; (2) the diffusion of adsorbate from the thin ﬁlm
of liquid to external surface sites; (3) migration of adsorbate
molecules within the pores of the adsorbent by intraparticle
diffusion; (4) the attachment of adsorbate to adsorbent at
available adsorption sites (Metcalf, 2003). In this study, the ki-
netic results were subjected to the Weber and Morris intrapar-
ticle diffusion model expressed by the equation:
qt ¼ RdðtÞ1=2 ð7Þ
where Rd is the rate constant of intraparticle transport in
mg g1 min1/2 and qt is the adsorbed Au(III) amount (mg
g1) at time t. According to this model, the plot of qt against
t1/2 should be straight line passing through the origin only whenthe intraparticle diffusion is the only rate-controlling step (Jalil
et al., 2010). However, the plot was not linear over the whole
time range and instead of that, it was separated into two-linear
curves (Fig. 9) demonstrating that two stages were only in-
volved in the adsorption process and intraparticle diffusion is
not only the rate determining step. It is well known that, good
shaking of batch system might reduce the boundary layer sur-
rounding the particle, and therefore, the ﬁrst stage of diffusion
process could be neglected (Jalil et al., 2010). On the other
hand, the fourth stage usually occurs rapidly and thus, it is
not considered to be the rate limiting step in the adsorption pro-
cess. From all of that, we can conclude that, the ﬁrst line may
represent the diffusion of the adsorbate from the external ﬁlm
layer to the surface of the RDP (the second stage) and the sec-
ond line corresponds to the intraparticle diffusion of Au(III)
ions within the pores present on RDPs surface (the third stage).
3.4. Adsorption isotherms
Adsorption isotherms were used to describe the mechanism of
the interaction of Au(III) ions on the adsorbent surface.
Depending on the nature of the adsorption system, the equilib-
rium studies are useful to calculate the maximum adsorption
capacity of the date pits toward gold(III) ions and determine
some important surface properties of the tested RDPs. The
plot of gold (III) amount retained onto the RDPs versus the
equilibrium concentrations of Au(III) ions in the bulk solution
shown in Fig. 10 revealed that, at low or moderate analyte
concentrations, the amount of Au(III) retained on the date pits
are directly proportional to the amount remained in the bulk
solution. On the other hand, the maximum adsorption capac-
ity of RDPs towards Au(III) species calculated from the
adsorption isotherm is 78 ± 1.1 mg g1 as shown in Fig. 10.
The maximum gold(III) adsorption capacities of different bio-
adsorbents and industrial polymers are demonstrated in Ta-
ble 3 (El-Shahawi et al., 2011a, b; Yu et al., 2002; Gamez
et al., 2003; Niu and Volesky, 2003; Fujiwara et al., 2007).
From Table 2, it is evident that the RDP exhibits considerably
high adsorption capacity for Au(III) at ordinary conditions
(temperature, 25 C, and shaking time, 120 min), and there-
fore, RDP could be a promising material for the adsorption
of Au(III) from aqueous solution.
Table 3 Adsorption capacities (q) of different adsorbents towards Au(III) ions.
Adsorbent q (mg g1) pH or acidity Temperature (K) Ref.
Thiol cotton ﬁber 63.04 0.5 303 Yu et al. (2002)
Alfalfa biomass 35.46 5 303 Gamez et al. (2003)
Waste crab shells 33.49 3.4 303 Niu and Volesky (2003)
Lysine modiﬁes crosslinked chitosan resin 68.95 2 303 Fujiwara et al. (2007)
Polyurethane foam 17 3 – 4 298 El-Shahawi et al., (2011a, b)
Chitosan 30.95 – – Wan et al. (1999)
Resin containing triisobutyl phosphine sulﬁde 31–513 – – (Sanchez et al. (2001))
RDPs 78 ± 1.1 0.5 M HCl 298 Present work
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Figure 11 The plot of equilibrium constant (logKc) versus 1/T of
Au(III) retention onto the date pits from aqueous solutions at the
following conditions: test solution (100 mL), HCl (0.5 mol L1),
RDP doze (0.1 ± 0.001 g), shaking time (120 min), and shaking
speed (150 rpm).
622 H.M. Al-SaidiTwo famous isotherm models, namely the Langmuir, and
Freundlich, were applied to understand the RDP–Au(III)
interaction. The Langmuir adsorption model assumes that
the maximum adsorption corresponds to a saturated mono-
layer of solute molecules on the adsorbent surface. The reten-
tion behavior of gold() ions from the aqueous solution onto
the used adsorbents was subjected to the Langmuir adsorption
isotherm model expressed in the following linear form:
Ce
Cads
¼ 1
bqm
þ Ce
qm
ð8Þ
where, qm is the monolayer adsorption capacity of the adsor-
bent (mg/g), b is the Langmuir isotherm constant (L mol1)
that is related to the adsorption energy, Ce is the equilibrium
concentration (mg L1), and Cads is the amount of Au() re-
tained per mass unit of RDP. The values of qm, b and the cor-
relation coefﬁcients (R2) for the linear Langmuir model
obtained by plotting Ce/Cads vs. Ce at 25 ± 0.1 C were found
to be 61 ± 1.5 mg g1, 5.6 · 104 ± 0.5 L mol1, and 0.988,
respectively. The Freundlich isotherm describes adsorption
onto a heterogeneous surface through a multilayer adsorption
mechanism. In fact, the presence of different functional groups
and various adsorbent–adsorbate interactions make the
adsorption heterogeneous, and therefore, the adsorption of
gold(III) onto RDPs was subjected to the Freundlich model
in its linear form:
logCads ¼ logAþ 1
n
logCe ð9Þ
where, A is the Freundlich isotherm constant and 1/n is
adsorption intensity, Cads is the concentration of the retained
gold(III) ions onto the date pits per unit mass (mg g1) at equi-
librium and Ce is the concentration of Au(III) ions in the aque-
ous solution (mg L1). The values of A and n calculated from
the intercept and slope of the linear plot between logCads and
logCe were 19 and 2.26, respectively. It has been reported that
when 1 < n< 10, the adsorption is favorable, and the higher
the n value, the stronger the adsorption intensity (McKay
et al., 1982). Therefore, the adsorption process of Au(III) ions
onto RDPs is favorable.
3.5. Thermodynamics studies
The inﬂuence of temperature on the Au(III) adsorption onto
the RDPs was investigated in the temperature range of 298–
343 K at the established experimental conditions. The thermo-
dynamic parameters (DH, DS, and DG) were evaluated using
the equations:lnKC ¼ DH
RT
þ DS
R
ð10Þ
DG ¼ DH TDS ð11Þ
DG ¼ RTlnKC ð12Þ
where, DH, DS, DG, and T are the enthalpy, entropy, Gibbs
free energy changes and temperature in Kelvin, respectively
and R is the gas constant (8.3 J K1 mol1). KC is the equi-
librium constant of the adsorption process. The values of KC
for the retention of Au(III) ions from the aqueous media con-
taining HCl (0.5 mol L1) at equilibrium onto the raw date pits
were calculated employing the equation:
Kc ¼ Cb  Ca
Ca
ð13Þ
where, Cb and Ca are deﬁned in experimental section. The plot
of ln KC versus 1000/T (Fig. 11) for the gold(III) retention
onto the tested solid adsorbent was linear over the tested tem-
perature ranges (298–343 K). The value of the equilibrium con-
stant decreased on increasing temperature, revealing that, the
retention process of gold species onto the used adsorbents is
an exothermic process. The numerical values of DH, DS, and
DG calculated from the slope and intercept of the linear plot
shown in Fig. 11 were found to be equal to
81.11 ± 1.01 kJ mol1, 233.5 ± 2.5 J mol1 K1 and
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Figure 12 Vant-Hoff plot for the adsorption of gold(III) onto
RDPs from the aqueous solution at the same conditions as
mentioned in Fig. 9.
The fast recovery of gold(III) ions from aqueous solutions using raw date pits 62311.52 ± 1.1 kJ mol1 (at 298 K), respectively, with a correla-
tion factor of 0.980.
Considering the Van‘t Hoff model, the distribution ratio
(D) of AuCl4 retention onto RDP powder is correlated with
temperatures according to the following expression:
logD ¼ DH
2:303RT
þ C ð14Þ
where, C is constant. The plot of logD versus 1/T for AuCl4
species retained onto the RDP was linear (Fig. 12). The value
of DH for Au(III) adsorption determined from the slope of the
plot is equal to 86.2 ± 2.1 kJ mol1 in good agreement with
the value obtained from the Eqs. (10) and (11). The negative
value of DH conﬁrms the exothermic nature of the gold(III)
uptake. Generally, the change in adsorption enthalpy for phys-
isorption is between 20 and 40 kJ mol1, whereas such change
in chemisorption is in the range of 80–400 kJ mol1 because
the forces of attraction between the molecules of the adsorbate
and the adsorbent in physisorption are of the weak dispersion
interaction type; while, such forces are very strong chemical
bond in chemisorptions (Jalil et al., 2010). Therefore, the
adsorption of Au(III) onto RDPs may classify to a chemisorp-
tion process rather than a physical adsorption process since the
DH was 81 kJ mol1. The increase of DG with decreasing
temperatures is attributed to the spontaneous nature of the
adsorption process which is more favorable at low
temperatures.
4. Conclusion
Gold(III) ions were removed successfully from aqueous media
by adsorption on raw date pits. A maximum gold(III) removal
percentage of 90% was reported at conditions of 0.5 mol L1
HCl, 0.1 g adsorbent dose and 120 min contact time. The
numerical and negative value of DH indicate that the adsorp-
tion process is chemisorption and exothermic. The use of such
type of biomass waste, which is available in local environment
and does not require any chemical pretreatment, would be
proﬁtable in the recovery and preconcentration of gold(III)
ions from industrial wastes such as e-wastes and the remnantsof gold mines due to its chemical stability, high adsorption
capacity, and fast adsorption rate. However, further experi-
ments concerning the inﬂuence of particles size on Au(III)
ion adsorption, continuous column experiment and desorption
experiment should be conducted to comprehensively discuss
the potential of RDPs and application of the Au(III) ion
adsorption process.References
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